Specific mutations in the UL97 region of human cytomegalovirus (HCMV) have been found to confer resistance to laboratory-adapted strains subjected to ganciclovir selection. In this study, mutations in the UL97 region of HCMV isolates obtained from patients receiving ganciclovir therapy were examined to determine whether they would confer ganciclovir resistance, and if these mutations could be detected directly in the plasma of AIDS patients with progressive HCMV disease despite ganciclovir treatment. A single nucleotide change within a conserved region of UL97 was found in five resistant isolates, resulting in an amino acid substitution in residue 595: from leucine to phenylalanine in one, and from leucine to serine in four resistant isolates. A sixth resistant isolate demonstrated a single nucleotide change, leading to a threonine to isoleucine substitution in residue 659. The role of the 595 amino acid substitution in conferring ganciclovir resistance was confirmed by marker transfer experiments. In further studies, direct sequencing of HCMV DNA present in plasma obtained from persons with resistant viruses revealed the identical amino acid substitutions in plasma as those present in the cultured viruses. These findings indicate that clinical resistance to ganciclovir can result from specific point mutations in the UL97 gene, and that the emergence of the resistant genotype can be detected directly in patient plasma. (J. Clin. Invest. 1995. 95:257-263.)
Introduction
The management of human cytomegalovirus (HCMV)' disease in persons with AIDS often requires continuous lifelong treatment with ganciclovir. However, prolonged therapy may lead to the development of clinical resistance to ganciclovir, manifested by disease progression and associated with the recovery 1 . Abbreviations used in this paper: HCMV, human cytomegalovirus; HFF, human foreskin fibroblasts; RI, ganciclovir-resistant isolate; Sin 1; ganciclovir-sensitive isolate. of in vitro resistant strains ( 1, 2) . Resistance in clinical isolates has been phenotypically associated with impaired ganciclovir phosphorylation in infected cells (3) . However, the genotypic basis for clinical ganciclovir resistance has not been resolved. Recently, it has been shown that ganciclovir phosphorylation in infected cells is controlled by the product of the HCMV UL97 open reading frame, a protein kinase homologue by sequence analysis (4, 5) . Regions in the predicted product corresponding to conserved catalytic subdomains implicated in nucleotide binding, phosphotransfer, and substrate recognition have been identified on the basis of sequence homology (6, 7) , and a mutation conferring resistance to ganciclovir has been mapped to the UL97 gene in a laboratory-derived strain (5) . However, the development of mutations within the UL97 region have not been demonstrated to occur in HCMV strains isolated from persons receiving ganciclovir therapy. Thus, the initial objective of this study was to characterize the genotypes of clinical HCMV isolates associated with ganciclovir resistance.
Having established that mutations within conserved sites of the UL97 gene confer clinical ganciclovir resistance, the presence of these specific mutations in clinical specimens was examined. Because we have recently demonstrated that HCMV DNA is present in the plasma of immunocompromised patients with active infection and disease (8) (9) (10) , we sought to determine if UL97 gene mutations could be detected directly in the plasma of persons with clinically resistant HCMV retinitis. Our findings demonstrate that the identical resistant genotypes are present in plasma, and that plasma can be used as an easily accessible clinical specimen for the determination of HCMV mutations known to confer phenotypic ganciclovir resistance.
Methods
Study patients and clinical specimens. Persons with AIDS and HCMV retinitis who were treated at the University of California, San Diego (UCSD) Treatment Center were followed with physical examination and ophthalmologic evaluation for a minimum of 6 mo or until death. Buffy-coat and urine cultures for HCMV were performed before initiation of ganciclovir therapy and at least monthly during therapy. Sequential plasma samples were separated from the same heparinized blood specimens obtained for culture. 10 epidemiologically unrelated patients (patients [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] were selected on the basis of clinical resistance to ganciclovir therapy. The patients received an initial induction course of intravenous ganciclovir (5 mg/kg twice daily) followed by maintenance therapy of intravenous ganciclovir (5 mg/kg daily). Clinical resistance was defined as the presence of new HCMV disease activity or progression of retinitis despite administration of ganciclovir at induction doses for at least 8 wk, as previously described (11 ) . Excluded were patients with poor compliance or with acute HIV-related concurrent opportunistic disease. Two persons, patient 1 and patient 8, had their therapy changed to foscarnet after 7 and 8 mo, respectively.
Cells and viruses. Human foreskin fibroblasts (HFF) were used for propagation of wild-type and clinical isolates, and for transfection experiments. Cell monolayers were grown in DME supplemented with Fig. 1 . The primers defining the fragments were designed using the published AD169 sequence (6) . The sequences of the primers, and the fragments amplified are shown in Table I .
To amplify each fragment, the template was combined with the appropriate primer pair (50 pmol each), deoxyribonucleoside triphosphates (200 pM each, Pharmacia LKB Biotechnology Inc., Piscataway, NJ), and Taq polymerase (2.5 U; Perkin-Elmer Corp., Norwalk, CT) in a total of 100 p1 1 x PCR buffer, and amplified by 35 cycles of denaturation at 940C for 15 s, annealing at 550C for 15 s, and extension at 72°C for 1 min in the Gene Amp PCR system 9600 (Perkin-Elmer Corp.). To avoid false positive signals all reactions were performed under stringent conditions (9) . Buffer controls and control samples were run along with test samples in each reaction. When a positive signal was detected, PCR products were resolved by gel electrophoresis and purified from low melting point agarose gel using the magic PCR preps DNA purification system (Promega Corp., Madison, WI). From the PCR product, 1-5 ng were subjected to direct PCR sequencing according to the Sanger dideoxy termination method (16) , using the fmol DNA sequencing system (Promega Corp.). The same primers designed to amplify the fragments were end-labeled with 33P (Dupont-NEN, Boston, MA) and used to sequence the sense and antisense strands. Cycle parameters for the sequencing reaction were chosen according to the manufacturer's specifications. Sequence changes were confirmed by sequencing both strands of at least two independent PCR products for each fragment. Under the conditions of this assay, 10- In addition to the above changes, which did not result in amino acid substitutions, a single nucleotide change was found in each of five resistant isolates (Fig. 2 a) : a G to T substitution at position 1785 in one resistant isolate, RI-i, and a T to C substitution at position 1784 in four resistant isolates, RI 2-5. The two adjacent nucleotide changes both resulted in an amino acid substitution at position 595 (position 643 according to the aligned sequence published by M. Chee et al. [6] ): from leucine to phenylalanine in RI-1, and from leucine to serine in (Table II) . Amino acid 595 is located within a conserved region, corresponding to catalytic subdomain IX (6, 7) . A pretherapy ganciclovir-sensitive isolate, available for comparison with RI-3, did not contain the 595 residue substitution.
RI-3 demonstrated a sequence mixture containing an additional C to T substitution at position 1781. This change resulted in an alanine to valine substitution at position 594. In two resistant isolates, two single nucleotide changes were found further downstream (Fig. 2 b) : a G to A substitution at position 1993 in RI-4, resulting in a valine to isoleucine substitution at position 665, and a C to T substitution at position 1976 in RI-6, resulting in a threonine to isoleucine substitution at position 659 (Table II) . These substituted amino acids are located in a region corresponding to catalytic subdomain XI. A mixed pretherapy sensitive isolate (sen I), available for comparison with RI-6, did not contain the 659 residue substitution. However, a sensitive plaque-purified strain obtained from the mixed pretherapy isolate did contain the 659 residue substitution, suggesting that this mutation did not play a role in the development of ganciclovir resistance.
To further distinguish mutations associated with resistance from interstrain viral polymorphism, we sequenced seven additional ganciclovir-sensitive isolates. While none of these patients' isolates demonstrated the 595 residue mutation, two (sen I-1 and sen 1-2) contained nucleotide changes at position 1781 (C to T) and at position 1809 (C to G), which resulted in an alanine to valine substitution at position 594 and in cysteine to tryptophan substitution at position 603, respectively ( Fig. 2 c and Table II) . These changes, which did not confer resistance in vitro, may indicate the specificity of the substrate recognition process.
Marker transfer of the mutation to wild-type strain. To examine the role of the 595 residue mutations in conferring ganciclovir resistance, marker transfer experiments were performed. Low passage fibroblasts were cotransfected with infectious Towne strain DNA and with PCR-derived fragments containing the 595 residue mutations (prepared as described in Methods). Plaques appeared after 7-14 d, and supernatant progeny virus was harvested when generalized cytopathic effect was observed. Ganciclovir susceptibility assays of progeny virus recovered from cells cotransfected with the 595 leucine to serine substitution-containing fragment, and from cells cotransfected with the 595 leucine to phenylalanine substitution-containing fragment, revealed a 3-6-fold increase in ganciclovir ED50 relative to progeny virus recovered from cells transfected with Towne strain DNA alone (Fig. 3) . The increase in ganciclovir ED50 suggested an efficient transfer of ganciclovir resistance by the fragments containing both 595 residue mutations. A recombinant virus was subsequently selected in the presence of ganciclovir and further plaque purified twice in the absence of drug. Sequence analysis of the recombinant confirmed the presence of the G to T substitution at position 1785, causing a leucine to phenylalanine substitution at position 595. Gan- strain, RI-1, which was 34 MM; thus, the role of the 595 leucine to phenylalanine substitution in conferring clinical ganciclovir resistance was confirmed. Whereas RI-1 was cross-resistant to foscarnet, the recombinant virus remained foscarnet sensitive. Sequence analysis in plasma. The nucleotide sequence of the UL97 catalytic domain was determined by direct PCR sequencing in sequential plasma specimens obtained from 10 persons with AIDS and clinically resistant HCMV retinitis. To examine the utility of direct genotypic analysis in plasma for determining drug resistance, the findings were correlated with the nucleotide sequence and the in vitro drug susceptibility phenotypes of the corresponding viral isolates. Plasma obtained from patient 1, patient 2, and patient 3 after 7, 5, and 4 mo of therapy, respectively, contained the same nucleotide changes found in the corresponding ganciclovir-resistant viral isolates (Fig. 4) resulting in a substitution of the leucine residue at position 595 by phenylalanine or serine (Table III) 1380 and an A to G change at position 1378, resulting in a substitution of the methionine residue at position 460 by isoleucine and valine, respectively (see Table III ). Patient the course of therapy, maintained wild-type UL97 sequences within their plasma and the corresponding viral isolates.
In two persons, patient 1 and patient 8, the clinical decision was made to discontinue ganciclovir and to institute foscarnet therapy. A plasma sample obtained 6 mo after cessation of ganciclovir therapy in patient 8, while still receiving foscamet, contained HCMV DNA which demonstrated apparent complete reversion of the mutation back to wild type. An isolate from a leukocyte culture obtained concomitantly was ganciclovir sensitive (Table III) . In contrast, patient 1 had persistence of the 595 mutation in plasma 9 mo after cessation of ganciclovir therapy, suggesting a potential for stability of resistant variants in vivo despite the absence of selective pressure. In patient 1 and patient 3, mutations appeared in plasma in conjunction with culture isolation of resistant viral isolate. In patient 2, the 595 mutation was detected in plasma 1 mo before resistant virus could be cultured from the patient (Table III) .
Discussion
HCMV resistance to ganciclovir has been estimated to occur in 8% of persons with AIDS receiving maintenance therapy for more than 3 mo (2). With the improved survival of HIV-infected people with CD4+ lymphocyte counts below 50/mm3 and HCMV retinitis, prolonged ganciclovir therapy with the emergence of ganciclovir resistance is likely to become increasingly common. Current studies of clinical gancoclovir resistance rely on in vitro drug susceptibility testing of viral isolates recovered from patients during therapy. In this study we have determined the nucleotide sequence of the UL97 catalytic domain homologous region in ganciclovir-resistant and ganciclovir-sensitive clinical isolates, and employed marker transfer experiments to resolve the molecular basis of clinical ganciclovir resistance. The in vitro appearance of UL97 mutations associated with ganciclovir resistance was then directly examined in plasma from patients exhibiting disease progression during therapy. Sequence analysis revealed a single nucleotide change at adjacent positions in each of five epidemiologically unrelated resistant isolates (Fig. 2) . The two adjacent base changes both resulted in amino acid substitution at position 595: from leucine to phenylalanine in one resistant isolate and from leucine to serine in four resistant isolates. The 595 leucine, conserved in herpes simplex virus type I and varicella-zoster virus, lies within a putative substrate recognition and binding site (5, 6, (17) (18) (19) (20) . A role for this hydrophobic epitope in substrate recognition in HCMV has been suggested by the mapping of a ganciclovir resistance mutation to a deletion of residues 590-593 in a laboratory-derived strain (5) .
To An adjacent alanine to valine substitution at position 594 was detected in one patient's plasma and appeared during the course of therapy in another, in conjunction with the 595 leucine substitution. However, the contribution of the 594 alanine substitution by itself to the development of resistance remained unclear, because the ED50 for the corresponding mixed isolate containing the two substitutions was comparable to that of isolates containing the single 595 substitution (Table III) . Moreover, the 594 alanine substitution was subsequently detected in one of the sensitive isolates (sen-I-1). The finding of adjacent mutations which give rise to different susceptibility phenotypes might indicate the specificity of the requirement for the catalytic function and for the interaction with the substrate. This interaction might involve direct binding or constraints imposed on the tertiary structure of the binding site. In one patient an alanine to valine substitution at position 591 was found in the plasma. Interestingly, the 591 alanine is conserved in the UL97 homologue encoded by human herpesvirus type 6 (6), and is one of four amino acids found deleted in a HCMV resistant laboratory strain (5) . Recently, Alain et al. (21 ) have demonstrated by dot-blot hybridization that some ganciclovir resistant HCMV isolates have mutations within the same four amino acid sequence. Thus, a role for the alanine to valine amino acid substitution is suggested in the development of phenotypic ganciclovir resistance. Experiments are currently underway to examine the impact of the 594-and 591-amino acid substitutions directly by marker transfer. Two late-therapy plasma specimens from different patients contained a substitution of valine or isoleucine for the methionine at position 460. The 460-methionine, also conserved in human herpesvirus type-6 is located in a region which by sequence homology has been implicated in ATP binding (6) . The direct role of the 460-methionine substitution in conferring phenotypic ganciclovir resistance has been recently demonstrated in a laboratory strain (22). These findings support a conserved function for residues in the proposed substrate recognition and nucleotide binding sites in the clinical setting. Although the role of the UL97 gene in HCMV replication has not been characterized, specific kinase functions have been associated with homologous protein kinases in herpes simplex virus type-1 and varicella-zoster virus (23) (24) (25) . The limited diversity we found in the predicted product sequence among 13 clinical isolates and two laboratory strains, in view of the greater sequence variability of other studied HCMV genes (26, 27) , suggests an essential role for UL97 in the viral life cycle, which is dependent on conserved structurefunction relationship. However, the substitution of a conserved residue within a conserved region did not affect the viability of the virus. The mutated product may, therefore, retain its affinity towards a yet unknown original substrate while selectively unable to phosphorylate ganciclovir. The clustering of ganciclovir resistance mutations to the same UL97 sites in epidemiologically unrelated patients suggests that direct molecular analysis of these sites will be useful for identification of drug resistance.
Sequence analysis of DNA from plasma of patients receiving treatment with ganciclovir revealed the same nucleotide sequences found in the corresponding viral isolates grown in tissue culture. However, while in vitro susceptibility assays required prolonged propagation of the virus, yielding mostly retrospective information, PCR sequencing of plasma allowed rapid detection of mutations associated with resistance. Moreover, detection in plasma has been previously shown to precede culture isolation and disease development (9) . In fact, in one study patient the emergence of a resistant strain was identified in plasma 1 mo before HCMV could be grown from clinical specimens. The persistence of wild-type sequences in plasma in two clinically resistant patients was associated with a drug-sensitive phenotype as determined by assaying of the corresponding viral isolates. Thus, genotypic analysis of HCMV DNA in plasma was able to distinguish viral drug resistance from host factors involved in disease progression during therapy. However, determining ganciclovir resistance by direct detection of specific mutations in plasma should be performed with caution, because other as yet unidentified mutations may contribute to the development of resistance. Indeed, for one patient who excreted resistant virus (patient 6), we could not identify a resistance-conferring mutation in the UL97 gene. The lack of ganciclovir resistance mutation in the UL97 catalytic domain in this patient could indicate the presence of a DNA polymerase mutation. Mutations in the DNA polymerase gene have already been detected in laboratory derived ganciclovir-resistant HCMV strains (28, 29) .
The clinical course of patients infected with ganciclovirresistant strains indicates that resistant viruses retain their ability to cause severe disease. However, little is known of the in vivo replicative capacity of resistant strains, and their potential to establish latency. These issues are of great relevance for the management of HCMV disease. Sequence analysis of plasma in two patients followed after discontinuation of ganciclovir therapy revealed reversion of the mutation after 6 mo in one patient, and persistence of the mutation 9 mo after cessation of the drug in the other. These findings may reflect a variable potential for resistant variants to persist in mixed virus populations in the absence of selective pressure, or a replicative advantage of one strain over the other. Additionally, patients treated with foscarnet may develop DNA polymerase mutations that could result in resistance to both foscarnet and ganciclovir. Further in vivo studies are needed to evaluate the effect of alternative therapeutic regimens on the emergence and persistence of resistant strains.
In summary, we have shown that point mutations in the proposed ATP binding and substrate recognition subdomains of the HCMV UL97 gene confer clinical resistance to ganciclovir. These mutations can be detected directly in plasma. Direct genotypic analysis in plasma can permit early monitoring of patients for the emergence and persistence of resistant HCMV strains, and can provide the basis for guiding therapeutic decisions for the treatment of HCMV disease.
